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Abstract-There has been considerable research into the 
production of biochar, pyrolysed biomass, which produces a 
carbon rich material and facilitates long-term CO2 
sequestration. The use of this material in agricultural soils 
suggests that there may also be productivity benefits to be 
gained along with atmospheric CO2 storage.  A number of 
possible reasons why these biochar derived benefits may, or 
may not, occur have been suggested and include, an 
additional source of crop nutrition (acting as a fertilizer), as 
a modifier of the soil physical, chemical and biological 
environment (acting as soil conditioner) and as possible 
improver of crop water availability (acting to delay the onset 
of environmental stress). The apparent capacity of biochar 
to produce a diverse range of impacts when incorporated 
into soil appears to depend on a number of factors, these 
include the feedstock and the protocol used in its pyrolysis. 
The chemical nature of the biochar produced can be varied, 
but controllable, given these factors. Importantly, this 
flexibility suggests that production could enable biochar 
structure and function to be designed for a specific end use 
(‘Smart Biochar’). This paper examines recent research 
which supports the notion that biochar products, not only 
have a supplementary role in agriculture, but also a role in 
environmental management, by provision of materials which 
facilitate soil remediation. It will also, more specially, 
examine the potential to design and produce biochars 
derived from combinations of various feedstocks and 
pyrolysis protocols to produce smart biochars to amend 
degraded and contaminated soils. It can be concluded that 
the production of biochar from waste biomass can provide a 
means of sequestering atmospheric CO2 it also has an 
important contribution to increasing the function of poor 
soils with respect to agriculture use and environmental 
management.  Importantly, here there are also opportunities 
through the selection of feedstocks and the control of the 
pyrolysis process that has the potential to produce biochars 
which are designed for a specific purpose, i.e. ‘smart 
biochars’ for environmental management.  
Keywords – biochar; pyrolysis; smart biochar; degraded land 
and soils 
 
I. INTRODUCTION 
This paper focuses on the studies undertaken on the 
agricultural aspects of biochar soil incorporation, and to 
determine how this knowledge can inform its use in soil 
improvement particularly with respect to amelioration. 
There is an array of published information regarding the 
incorporation of soil amendments of various types to 
improve agricultural performance [1] and this is used to 
determine the potential of biochar to remediate degraded 
landscapes and soils. This prospects of using biochar in 
remediation is relevant beyond the loss soil organic matter 
(SOM) in agriculture and the decline in fertility, in 
particular, the release of industrial contaminants and the 
challenge in remediating soils and sustaining urban and 
rural environments. 
   
II BIOCHAR - PHYSICAL PROPERTIES AND 
CHEMISTRY 
 
The physical properties of biochar are key to 
understanding its function within soil and its potential to 
act as a route to sequester atmospheric carbon dioxide [2]. 
Soil incorporation of biochar can influence soil structure, 
texture, porosity, particle size distribution and density. 
The importance of biochar surface area in influencing soil 
fertility (water and nutrient cycling and microbial activity) 
has also been documented [3, 4]. Biochar is a 
carbonaceous material which contains polycyclic 
aromatic hydrocarbons [5]. It is also highly porous and 
can contain significant amounts of extractable humic and 
fluvic acids [6]. These hydrocarbons have different 
numbers of clusters of fused aromatic rings which contain 
O2, N2 and H2, along with an array of other functional 
groups [7, 5]. The molecular structure of these biochar’s 
therefore show a high degree of chemical and microbial 
stability, with a turnover which can be on a timescale of 
millennia [8, 9]. Biochar does however show that 
oxidation can take place at the surface of particles and this 
is related to not only time of exposure, but also mean 
annual temperatures. This oxidation can impact greatly on 
soil biogeochemistry and nutrient release and retention 
[8]. The ratios of hydrogen to carbon (H/C) and oxygen to 
carbon (O/C) are used to describe the state of the material 
during the biochar production process as these elements 
are sensitive to temperature conditions during charring 
[10]. At low temperature pyrolysis these hydrogen and 
oxygen elemental ratios have a tendency to be higher. The 
relationship between changes in carbon, oxygen, 
hydrogen and nitrogen for the charring and pyrolysis of 
wood at different temperatures has been described [11]. 
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The composition of biochars is heterogenous and their 
surfaces can be hydrophilic, hydrophobic, acidic and basic 
and this contributes to their ability to react with other 
substances in the soil solution. The variability in biochar 
chemical and physical properties depends extensively on 
the material used to produce it (feedstock), availability of 
oxygen and the temperatures achieved during pyrolysis 
[12, 4]. It is temperature that determines the level of 
volatilisation and the physical and structural changes in 
different biochars [2].  
 
A key physical feature of biochar is its porosity which 
defines its surface area. The presence of pores within 
biochar particles is important as they enhance the total 
particle surface area of a soil. Analysis shows that pore 
size distribution is highly variable and encompasses nano- 
(<0.9 nm), micro- (<2 nm) to macro-pores (>50 nm) [2]. 
The larger macro-pores are key to its function in soil, i.e. 
aeration and hydrology; they also provide a habitat niche 
for microbes and facilitate root movement through the 
soil. The smaller sized pores are involved with molecule 
adsorption and transport. Soil structure varies with soil 
type and is closely related to its particle size distribution. 
For example, sandy soils, due to their limited specific 
surface area (sand 0.01 to 0.1 m2 g-1), are only able to store 
relatively small quantities of water or nutrients, while soils 
containing clay particles have a greater water holding 
capacity linked to their greater specific surface area (5 to 
750 m2 g-1). The inclusion of black carbon in soils has 
been shown to enhance specific surface area (x 4.8) 
compared to adjacent soils [6], while Downe et al. [2] 
quoted biochar sources that had specific surface areas 
significantly greater than those of clay (>1500 m2 g-1).  
 
The porous nature of biochar is also important as it can 
provide refugia for some beneficial organisms such as 
mycorrhizae and bacteria [13, 14]. The porosity and 
surface area of a biochar is also important as it can 
influence nutrient retention capacity [15]. The presence of 
carbon particles in the soil has been shown to influence 
cation and anion surface the binding [6]. Ion retention 
depends on biochar cation and anion exchange capacities. 
Increases in pyrolysis temperature are known to increase 
biochar CEC [16]. CEC increases when biochars are 
exposed to oxygen in the presence of water, and through 
partial degradation by microbial activity [9].  
 
III BIOCHAR – NUTRIENTS 
 
Products produced from organic biomass (manures, 
compost and biochar) would be expected to contain large 
amounts of carbon and macro- and micro-nutrients see 
[15]. Incorporation of biochar has been shown to enhance 
the availability of key macro-nutrients such as N and P, as 
well as some metal ions [12], but can also induce a decline 
in N availability [3]. Both feedstock and pyrolysis 
conditions influence the amount and distribution of 
biochar minerals see [4]. Biochars produced from a 
coniferous source at 350oC were shown to have lower 
absorptive capacity (CEC), but a greater amount of 
available nutrients than those produced at 800oC [12]. The 
amounts of key elements present in biochar can be shown 
to be dependent on the concentrations of these 
components in the feedstock [17, 18]. There is some 
evidence from the study of nitrogen levels that at higher 
pyrolysis temperatures its concentration within the 
biochar can decline, while for P, considerably more can be 
retained in the biochar relative to nitrogen, given the 
optimum pyrolysis temperature [19].  
 
Nitrogen and P availability are particularly important 
with respect to plant growth and even with some biochars 
high in total N content (e.g. sewage sludge), mineral 
nitrogen (ammonium-N and nitrate-N) levels and 
available phosphorus can be very low [19]. The ratio of 
carbon to nitrogen (C/N) with biochar is also highly 
variable, and is cited as a means of inferring 
mineralisation and release of inorganic nitrogen to the 
soil. Given the high C/N ratios for biochar the expectant 
nitrogen immobilisation, inducing plant nitrogen 
deficiency, is limited because of the recalcitrant nature of 
the carbon [15]. 
 
Biochar incorporation has been shown to induce soil 
alkalisation which can indirectly increase soil nitrification 
[18].  But increases in soil nitrification rates can be 
achieved in the absence of soil pH changes [20]. The 
formation of ‘smart biochars’ has potential [21]. For 
example, biochar on reaction with ammonia, produced 
NH4HCO3-biochar, which acted as a slow-release 
nitrogen fertiliser. This approach can also reduce the 
release of biochar-nitrate that may contaminate ground 
water [15].  
 
IV EFFECTS OF BIOCHAR ON SOIL CHEMISTRY 
 
Biochar soil incorporation can be shown to change soil 
pH, electrical conductivity (EC), cation exchange capacity 
(CEC) and nutrient concentrations [6, 12, 22, 4]. Liang et 
al. [6] showed that as a consequence of the oxidation of 
black carbon particles and the adsorption of organic 
matter to its surface, the charge density (CEC per unit 
surface area) in some soils could increase. The surface 
positive charge will, however, decrease in response to the 
rate at which the biochar oxidises [9]. While in highly 
weathered tropical soils, with little available P, and the 
low pH induced release of Al and Fe, binds it further [23, 
24]. Greenhouse experiments show that ammonium 
leaching was reduced by biochar (by 60%), along with 
N2O emissions [3, 25]. Biochar derived from bamboo 
added to sewage sludge during composting reduced N-
leaching and the mobility of heavy metals (Cu and Zn) 
from the material [26]. Biochar can reduce the 
concentration of soluble compounds in the soil solution, 
e.g. phenols [12]. The presence of some elements that are 
known to be toxic to plant growth, particularly at low pH, 
such as Al, Cu and Mn, have also been shown decline in 
the presence of charcoal [23, 24, 27]. Availability of other 
elements can increase where biochar induced increases in 
soil pH enhance solubility e.g. N, P, Ca, Mg and Mo. 
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V EFFECTS OF BIOCHAR ON SOIL PHYSICAL 
PROPERTIES 
 
There is less data regarding the effects of incorporation 
of biochar on soil physical properties, see review [28]. 
Factors such as its mobility within the soil profile are 
important, particularly with respect to how it may benefit 
plant production and the movement of surface and ground 
waters [29]. Limited evidence, from long-term (35 years) 
sugar cane waste production burning, shows that semi-
natural biochar moves into the subsoil [30, 29]. More 
recent evidence shows, that biochar’s highly condensed 
carbon movement into the subsoil can be tracked over 100 
of years [31]. This may be linked to changes in biochar 
particle size which appears to decline with age in the soil 
[32].  Biochar soil incorporation has been shown to reduce 
‘soil strength’ (soil mechanical impedance). The ease with 
which plant roots penetrate the soil impacts on growth and 
yields [33]. Soils, particularly when dry, which limit root 
penetration have been shown to be improved through 
biochar application [34]. 
 
VI EFFECTS OF BIOCHAR ON SOIL BIOTA 
 
The structure and function of biological communities 
within soils are complex. Soil inhabitants include algae, 
archaea, arthropods, bacteria, fungi, nematodes, protozoa 
and other invertebrates. The presence and abundance of 
these groups of organisms have a profound effect on soil 
function, ‘health’ and productivity. Soil type and its 
physical management, e.g. the application of biochar will 
impact on soil biota and performance. Soil biota 
composition has limited use in understanding soil 
function, particularly when also considering soils highly 
spatial and temporal heterogeneity.  Application of 
biochar to soil is known to alter carbon utilisation profiles, 
microbial population structures, and cause respiration 
rates to increase [14, 35].  
 
Diazotrophs are a specialised group of bacteria which 
contain the enzyme nitrogenase which reduces 
atmospheric N (N2) to ammonia (NH3). This NH3 can be 
nitrified (NO3-) prior to plant uptake and utilisation in the 
synthesis of amino acids etc. Despite their ubiquitous 
presence these free-living N-fixing bacteria have been 
insufficiently studied with respect to the influence of 
biochar on their N2-fixing capacity [18]. Ammonification 
of organic complexes containing N, is driven by 
heterotrophic bacteria and some fungi. Nitrification 
occurs in the presence of autotrophic organisms such as 
bacteria and archaea [18]. Biochars have been shown to 
increase net nitrification in forest soils [20, 18]. This may 
not be true in grassland or agricultural soils which have 
existing functional nitrifying communities [3, 36]. 
Biochars are generally low in inorganic N and this may 
provide diazotrophs with a competitive advantage in 
colonising the large surface area of biochars. This 
combined with biochar’s potential for NH4+ exchange 
with soil solution can modify soil N availability to plants 
and stimulate nodulation and fixation.   
 
Little is known about the impacts of biochar on N 
immobilisation and denitrification [18]. The reducing of 
NO3- to N2 in the absence of oxygen is achieved via 
several intermediates (NO2-, NO, N2O) which can be 
released to the atmosphere. Biochar may have the 
potential to catalyse the reduction of N2O to N2, reducing 
the emission of a key greenhouse gas [37]. It should be 
stressed that despite biochar application reducing, in 
particular, N2O emissions supporting long-term evidence 
is limited [37]. Evidence shows that increasing biochar 
application rates to soil can increase the proportion of N 
derived from fixation, which increased Phaseolus 
vulgaris yield [36]. The beneficial effects of this were 
linked to increased Mo and B availability and increased 
soil pH. Rhizobia functionality increase in pH neutral 
soils, so increasing alkalinity in acidic soil can enhance 
nodulation and N fixation. 
 
Saprophytic fungi can modify the persistence of soil 
biochar, through its decomposition. Their hyphal invasive 
growth and extracellular enzymatic capability enable 
them to colonise biochar pores. Knowledge of the effects 
of biochar on soil pathogens and population structure and 
function is limited [38]. Evidence shows biochar 
incorporation influences mycorrhizal fungi (MF) [39]. 
Arbuscular mycorrhizae have been shown to increase root 
colonisation sites in the presence of biochar [39, 22]. 
Biochar additions can also increase the extent of 
endomycorrhizal plant associations, enhancing the 
availability of P [40, 22]. Biochar presence in the soil 
provides a physical niche for mycorrhiza and bacteria 
which can be devoid of fungal grazers [13, 14]. 
Measurements of biochar porosity support the notion that 
soil grazers in the size range of Collembola and 
protozoans (>1.6 mm) would be excluded from pores of 
this size.  
 
VII EFFECTS OF BIOCHAR ON CROP 
PRODUCTION 
 
It is well established that biochar applications to soil 
can increase agricultural productivity [3, 42]. Lehmann 
and Rondon [42] report that, depending on the amount of 
biochar added, improvements in plant productivity range 
from 20 to 220%. It is, however, still not clear under what 
conditions (soil and climatic) such increases in crop yield 
might be seen. Recent work questions biochar 
improvements in high quality soils [43].  Generally soils 
and climates where biochar work has been carried out 
include South America and South-East Asia where soils 
are highly weathered (show a high degree of leaching, and 
have a low nutrient content), acidic (elemental toxicity) 
with little clay and are low in nutrition.  
 
VIII EFFECTS OF BIOCHAR ON CROP WATER 
RELATIONS 
 
Increasing SOM content frequently enhances soil 
moisture retention and crop water availability which is a 
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key factor in determining crop productivity [44]. Glaser et 
al. [45] compared an Amazonian ‘dark earth’ soil (high in 
biochar) and the local native ferralsols with the former 
having a 15% increase in ‘field capacity’, from this it was 
concluded that the agricultural benefits from a soil high in 
biochar was at least in part due to an improved crop water 
supply, as may be case elsewhere [46]. Recent reports on 
biochar benefits generally provide little critical data to 
support the notion of biochar induced changes in soil 
water content [3, 32, 2]. Speculation implies that it is 
through increases in SOM that improvements in 
aggregation and porosity that crop water availability is 
influenced, particularly in soils with coarse structures [3, 
25]. This notion has limited support, while the effects of 
changes in soil structure on crop water availability can 
only be determined from measurements of soil ‘matric 
potential’ as this provides a true measures of the work 
required by the plant to utilise the soils full water content. 
Despite the lack of data to support the idea that increased 
plant growth with biochar was due to improvements in 
plant-soil water relations, this does not mean that the 
pyrolysed organic carbon incorporated into soil, as 
biochar, will not increase its water holding capacity [47, 
48]. Biochar, is highly porous with an ability for chemical 
adsorption and the retention of gases, in proportion to its 
pore geometry and size [49, 50, 51], but less is apparent 
about its water holding capacity [52]. Evidence of the 
impact of biochar incorporation in temperate soils is not 
extensive but, work with North American forest soils 
shows that charcoal soil increases ‘available moisture’ 
(increased by 18%) and reduces evaporation [53]. 
However these differences were only detectable in sandy 
soils, and when incorporation rates were high (45% by 
volume, ~70 t ha-1). Incorporation rates, at a high level, 
are unlikely to be achievable for several reasons, beyond 
the availability of sufficient feedstock to produce the 
biochar. Chan et al. [34] suggests that biochar improves 
soil water holding capacity with applications in excess of 
50 t ha-1. They however only provide measurements made 
at field capacity, so despite a possible increase in soil 
water content this is not a measure of plant water 
availability. Soil moisture conservation may be enhanced 
but if not availability to the plant crop performance will 
not increase, particularly under water restricted 
conditions. A number of studies similar to those of Chan 
et al. [34] imply biochar improved soil water status. 
Conversely, few studies show beneficial biochar 
responses in the absence of suggestions that crop and soil 
water relations have improved; Graber et al. [54] shows a 
positive biochar effects but no change in soil water status. 
While Uzoma et al. [55] suggests that water use efficiency 
was increased by biochar application; the improvement 
was not due to less water being used just an increased 
yield in the absence of a direct link with water use or its 
availability.  More recent work also suggests the notion 
that increased soil available water, due to biochar 
incorporation, is restricted to sandy soils [56, 57, 55, 58].  
The work of Baronti et al. [59] is rare in that it provides 
links between crop physiological behaviour and the 
appropriate soil and plant water analyses and 
methodology to do this. In conclusion the evidence for 
biochar enhancing in soil water availability is not well 
supported but there may be opportunities to develop a 
biochar’s characteristics, providing they translate into 
physical changes in for example, soil hydrology and field 
capacity, to produce smart biochars [60, 21]. Pyrolysis 
temperature and feedstock are candidates to alter these 
characteristics, e.g. hydrophobicity [61, 62, 63, 64, 52, 
65].  
 
IX EFFECTS OF BIOCHAR ON CROP NUTRITION 
 
Soil mineral nutrition is a limiting factor in 
maximising crop yield, with nitrogen the most limiting 
factor. It is well established that post-fire soils show 
elevated N-cycling with increased N-availability [66, 12]. 
Biochar applications to forest from different geographic 
regions have been shown to stimulate N transformation in 
these phenol-rich soils [12]. There is evidence to show 
that soil nutrient dynamics are influenced by black carbon 
[67, 3].  Three key elements N, P and Ca are known for 
their capacity to influence nutrient dynamics and the 
fertility of most types of soils [68]. Soil N exists primarily 
in organic complexes, which are subsequently 
ammonified (NH4+) then nitrified (NO3-), before plant 
uptake. As yet there is no evidence that free-living N-
fixing bacteria are influenced by biochar application. 
However, excessive soluble forms of N in the soil solution 
do reduce N-fixation [69], while available P stimulates 
nitrogen fixation, and therefore its presence in a soluble 
form, could increase bacterial N2-fixation [3]. 
 
Evidence from black carbon studies shows that despite 
the expected loss of labile N volatilised on burning (70-
90%), charcoal residues can contain considerable amounts 
of N [70, 71]. They showed that the amounts of N in the 
black carbon ranged from 21-370 mg kg dw-1. However, 
the effects of biochar on soil N dynamics are not fully 
understood. Pot experiments with Raphanus sativus show 
that green waste biochar, despite not directly enhancing 
cropping, did show a positive interaction when N fertiliser 
was incorporated with the biochar [34], while nitrogen 
fixation, with respect to beans and non-free living 
symbionts (e.g. Rhizobia spp.) were shown to be enhanced 
[42, 36]. Savanna-type grassland studies show N 
accumulation with burning which was suggested to occur 
indirectly due to P stimulated N fixation by cyanobacteria 
or the stimulation of N2 fixation when root nodule forming 
species were present [72].  
 
The bioavailability and plant uptake of P, K, Ca, Zn 
and Cu increases in response to charcoal application, 
while N leaching declines [3, 18]. Phosphorus is often 
considered the primary limiting nutrient in soils that are 
highly weathered in the humid tropics [35] Availability of 
P is highly pH-dependent; in acid soils (<pH 4) insoluble 
Fe and aluminium phosphates form, while on alkaline 
soils (>8.5 pH) insoluble calcium phosphates dominate. 
Abiotic stress events like drought are known to decrease 
P availability. While complex reactions with clay and 
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organic matter are apparent, it remains unclear what the 
mechanistic explanation is for changes in fluxes between 
insoluble and soluble P which are linked with biochar. 
Explanations include biochar acting as a source of soluble 
P salts and exchangeable P, as a modifier of soil pH 
(ameliorating P complexing metals) and as an enhancer of 
microbial activity and mineraliser of P [18].  
 
Plant tissues when heated lose carbon by volatilisation 
at the relatively low temperature of 100oC, while for P 
volatilisation requires 700oC. This therefore enhances the 
availability of P relative to biochar carbon [73]. Biochar 
generally, irrespective of production temperature, is 
known to increase soil extractable P (PO43-). The ion 
exchange capacity of a biochar can alter P availability 
directly through its anion exchange capacity, or by 
changing availability of cations which P interacts with. 
Phosphorus precipitation can also influences the solubility 
of P and the amount available to the plant. The 
effectiveness (strength of the ionic bond) with which 
phosphorus combines and forms insoluble compounds 
with various cations (Ca2+, Al3+ and Fe2+3+), and 
subsequently precipitates, depends on pH. By altering soil 
solution pH biochar can alter the bonding as well as 
absorbing of metal cations, avoiding their precipitation 
with P. Increasing pH can increase alkaline metal (Mg2+, 
Ca2+ and K+) oxides. This reduces soluble forms of Al 
which is an important response of biochar on P solubility 
[18]. In soils that are already alkaline or neutral; adding 
alkaline metals would potentially enhance Ca bonding 
with P. 
 
Biochar can also have indirect effects on P availability 
and uptake by changes in the soil environment with 
respect to the function of microorganisms. Symbiotic soil 
fungi are enhancers of the efficiency of plant P uptake, 
particularly in low P soils. Under these conditions biochar 
can increase the yields of maize and peanut by changes in 
phosphorus availability [74]. The presence of beneficial 
symbiotic fungi, such as mycorrhizae, and their 
enhancement due to biochar, may how low rates of crop 
applied nutrients can be effective. This has been suggested 
to be achieved is via mycorrhizal hyphae enhancing the 
interception of minerals that would potentially be lost as 
leachates [75].  
 
It can be generally concluded that most agricultural 
production benefits are most often achieved when 
‘fertilisers’, mineral or organic, have been included with 
the application of biochar [41].  
 
X EFFECTS OF BIOCHAR ON SOIL REMEDIATION 
 
Evidence already exist to suggest that biochar 
application to soil has benefits via reducing the leaching 
of nutrients from the soil [76]. Biochars physical structure 
particularly with respect to porosity is suggested as key 
determinant. It is the process of pyrolysis that importantly 
increased the surface area of the biochar. Given what is 
known about the capacity of activated carbon in soil 
remediation, it is perhaps surprising that the ability of 
biochar to absorb inorganic and organic molecules, 
particularly those which are toxic, has yet to be heavily 
explored or exploited, see Table 1 in both [77, 78]. A 
meta-analysis of mine responses to biochar application 
has been undertaken by [79]. We have the opportunity to 
combine our knowledge of carbon rich compounds to act 
as chemical absorbents with that of the biochar pyrolysis 
process and the feedstock to influence over the chemical 
and physical structure of the resultant biochar. From this 
insight it becomes possible to acquire biochar with a 
functional specificity. The capacity to determine a 
biochar’s specification will enable the concept of smart 
biochars to be exploited for specific contaminants and soil 
types. The work of Uchimiya et al. [80] demonstrates the 
different adsorption characteristic of soils with contrasting 
capacities to retain Cu, in the presence of biochar.  They 
conclude that the sorption characteristic of a metal are 
linked to cation exchange capacity and presence of surface 
functional groups on the biochar. 
 
Beesley and Marmiroli [81] provide experimental 
evidence of capability of biochar (mixed European wood 
species) to lower the concentrations of some heavy metals, 
particularly Cd, in water soluble soil sediment leachates. 
Again, specific solutions for particular problems may well 
be necessary As contamination will be more challenging 
to deal with in a soil with a biochar that increases soil pH 
[77]. While the adsorption of a metal appears to be 
sensitive to the type of biochar used [82].  Beesley and 
Marmiroli [81 also found that once sorption of the metal 
pollutant to the biochar had taken place is was not 
immediately reversible (reduced mobility). The fate of 
such contaminants, once sorption to biochar has taken 
place (reduced bioavailability), needs to be considered 
carefully, but again the microbial recalcitrant nature of 
biochar may be a beneficial trait.  
To determine the potential of biochar to enable mine 
tailings (contaminated with Pb and Zn) to be revegetated 
various samples were removed from the mine 
environment and subject to laboratory analysis in which 
they were combined with different quantities of biochar 
(Prunus spp.) with showed potential for phytostabilisation 
linked to a decrease in the bioavailability of these 
contaminants [83]. 
 
XI CONCLUSIONS 
 
The benefits of the application of biochar to 
agriculturally degraded soils are likely to be highly 
dependent on soil type and climate. Application of biochar 
will have its greatest impact to soils which are either 
structurally poor, or nutritionally weak, or both. Biochar 
application to non-agricultural soils, which have been 
degraded via industrial activities, also appear to provide 
benefits with respect to remediation. The extent to which 
remediation is required will vary and could require large 
quantities of biomass to produce biochar. No attempt has 
been made here to determine the cost benefit of such 
applications which clearly will be expensive if large areas 
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of degradation require treatment. More specifically 
evidence is now being generated which supports the 
notion that biochar can provide a means to remove 
contaminants from soils. The emerging science indicates 
that specific pollutant can be managed by an improved 
understanding of biochar action in the soil. The 
opportunity to manipulate biochar chemistry and its 
structure through selection of feedstock and the control of 
the pyrolysis process suggests that ‘smart biochar’ can be 
developed for tackling specific remediation tasks. The 
exploitation of biomass waste streams, rather than 
utilising specific biomass grown for biocharing, also 
provides an important contribution to avoiding conflicts 
with food crops and provides potential added value to 
biomass chains where waste is produced and may in some 
circumstances not have recycling  
 
REFERENCES 
 
[1] Glaser B., Guggenberger G., Zech W. and de Lourdes 
Ruivo, M. (2003). Soil organic matter stability in 
Amazonian dark earths. Chapter 8 In: Amazonian Dark 
Earths Origin Properties Management. (Eds Lehmann J., 
Kern D.C., Glaser B., Woods W.I.) Kluwer Academic 
Publishers, Dordrecht. 
[2]  Downie A., Crosky A. and Munroe P. (2009). Physical 
properties of biochar 13-31. Chapter 2. In: Biochar for 
Environmental Management Science and Technology. 
(eds Lehmann J. and Joseph S.) Earthscan, London, 13-32.  
[3] Lehmann J., Kern D., German, L., McCann J., Martins 
G.C. and Moreira L. (2003). Soil fertility and production 
potential. Chapter 6. In: Amazonian Dark Earths: Origin, 
Properties, Management. (Eds Lehmann J., Kern D.C., 
Glaser B., Woods W.I.) Kluwer Academic Publishers, 
Dordrecht. 105-124pp. 
[4]  Amonette, J.E. and Joseph, S. (2009). Characteristics of 
biochar: microchemical properties. Chapter 3. In: Biochar 
for Environmental Management Science and Technology 
(eds Lehmann J. and Joseph S.) Earthscan, London, pp 33-
52.  
[5] Preston C.M. and Schmidt M. W. I. (2006). Black   
(pyrogenic) carbon: a synthesis of current knowledge and 
uncertainties with special consideration of boreal regions. 
Biogeosciences 3, 397–420. 
[6] Liang B., Lehmann J., Solomon D., Kinyangi J., Grossman 
J., O’Neill B., Skjemstad J.O., Thies J., Luizao F.J., 
Peterson, J. and Neves E.G. (2006). Black carbon 
increases cation exchange capacity in soils. Soil Science 
Society of America Journal 70, 1719-1730. 
[7]  Schmidt M.W.I. and Noack A.G. (2000). Black carbon in 
soils and sediments: Analysis, distribution, implications 
and current challenges. Global Biogeochemical Cycling 
14, 777-793. 
[8] Cheng C.-H., Lehmann J. and Engelhard M.H. (2008a). 
Natural oxidation of black carbon in soils: Changes in 
molecular form and surface change along a 
climosequence. Geochemica et Cosmochimica Acta 72, 
1598-1610. 
[9]  Cheng C.-H., Lehmann J., Thies J.E. and Burton S.D. 
(2008b). Stability of black carbon in soils across a climatic 
gradient. Journal of Geophysical Research 113, G02027. 
[10] Krull E.S., Baldock J.A., Skjemstad J.O. and Smernik R.J. 
(2009). Characteristics of biochar: organo-chemical 
properties. Chapter 4. Biochar for Environmental 
Management Science and Technology. (eds Lehmann J 
and Joseph S.) Earthscan, London, 53-65. 
[11] Baldock J.A. and Smernik R.J. (2002). Chemical 
composition and bioavailability of thermally altered Pinus 
resinosa (red pine) wood. Organic Geochemistry 33, 
1093-1109. 
[12] Gundale M.J. and DeLuca T.H. (2006). Temperature and 
source material influence ecological attributes of 
ponderosa pine and Douglas-fir charcoal. Forest Ecology 
and Management 231, 86-93. 
[13]  Saito M. (1990). Charcoal as micro habitat for VA 
mycorrhizal fungi, and its practical application. 
Agricultural Ecosystems and Environment 29, 341-344. 
[14]  Pietikäinen J., Kiikkilä O. and Fritze H. (2000). Charcoal 
as a habitat for microbes and its effect on the microbial 
community of the underlying humus. Oikos 89, 231-242. 
[15]  Chan K.Y and Xu Z. (2009). Biochar: nutrient properties 
and their enhancement. Chapter 5. In: Biochar for 
Environmental Management Science and Technology. 
(eds Lehmann J. and Joseph S.) Earthscan, London, 67-
84pp.  
[16]  Lehmann J. (2007). A handful of carbon. Nature 447, no. 
7141 (May 10) 143-144. 
[17] Alexis, M.A., Rasse, D.P., Rumpel, C., Bardoux, G., 
Pechot, N., Schmalzer, P., Drake, B. and Mariotti, A. 
(2007). Fire impact on C and N losses and charcoal 
production in a scrub oak ecosystem. Biogeochemistry 82, 
201-216. 
[18] DeLuca T.H., MacKenzie M.D. and Gundale M.J. (2009). 
Biochar effects on soil nutrient transformation. Chapter 
14. In: Biochar for Environmental Management Science 
and Technology. (eds Lehmann J. and Joseph S.) 
Earthscan, London.  
[19]  Bridle T.R. and Pritchard, D. (2004). Energy and nutrient 
recovery from sewage sludge via pyrolysis. Water Science 
and Technology 50, 169-175. 
[20] Berglund L.M., DeLuca T.H. and Zackrisson T.H. (2004). 
Activated carbon amendments of soil alters nitrification 
rates in Scots pine forests. Soil Biology and Biochemistry 
36, 2067-2073. 
[21] Atkinson C.J., Fitzgerald J.D., Hipps N.A. (2010). Potential 
mechanisms for achieving agricultural benefits from 
biochar application to temperate soils: a review. Plant and 
Soil 337, 1-18. 
[22] Warnock D.D., Lehmann J., Kuyper T.W. and Rillig M.C. 
(2007). Mycorrhizal responses to biochar in soil – 
concepts and mechanisms. Plant and Soil 300, 9-20.  
[23] Sierra J., Noel C., Dufour L., Ozier-Lafontaine H., 
Welcker C. and Desfontaines L. (2003). Mineral nutrition 
and growth of tropical maize as affected by soil acidity. 
Plant and Soil 252, 215-226. 
[24] Steiner C., Glaser B., Teixeira W.G., Lehmann J., Blum, 
W.E.H. and Zech W. (2008). Nitrogen retention and plant 
uptake on a highly weathered central Amazonian Ferralsol 
amended with compost and charcoal. Journal of Plant 
Nutrition and Soil Science 171, 893-899. 
[25] Major J., Steiner C., Downie A. and Lehamann J. (2009). 
Biochar effects on nutrient leaching. Chapter 15. In: 
Biochar for Environmental Management Science and 
Technology. (eds Lehmann J. and Joseph S.) Earthscan, 
London.  
[26] Hua L., Wu W., Liu Y., McBride M.B. and Chen Y. 
(2009). Reduction of nitrogen loss and Cu and Zn mobility 
during sludge composting with bamboo charcoal 
amendment. Environmental Science and Pollution 
Research 16, 1-9. 
7 | P a g e  
 
[27]  Steiner C., Teixeira W.G., Lehmann J., Nehls T., de 
Macedo J.L.V., Blum W.E.H. and Zech W. (2007). Long 
term effects of manure, charcoal and mineral fertilization 
on crop production and fertility on a highly weathered 
Central Amazonian upland soil. Plant and Soil 291, 275-
290. 
[28] Hammes K. and Schmidt M.W.I. (2009). Changes in 
biochar in soil Chapter 10. In: Biochar for Environmental 
Management Science and Technology. (eds Lehmann J. 
and Joseph S.) Earthscan, London.  
[29] Leifeld J., Fenner S. and Muller M. (2007). Mobility of 
black carbon in drained peatland soils. Biogeosciences 4, 
425-432. 
[30] Skjemstad J.O., Taylor J.A., Janik L.J. and Marvanek S.P. 
(1999). Soil organic carbon dynamics under long-term 
sugarcane monoculture. Australian Journal of Soil 
Research 37, 151-164. 
[31]  Hammes K., Torn, M.S., Lapenas A.P. and Schmidt M.W.I. 
(2008). Centennial black carbon turnover observed in a 
Russian steppe soil. Biogeosciences Discussion 5, 661-
683. 
[32]  Lehmann J., Czimczik C., Laird D. and Sohi S. (2009). 
Stability of biochar in the soil.  Chapter 11. In: Biochar for 
Environmental Management Science and Technology. 
(eds Lehmann J. and Joseph S.) Earthscan, London. 
[33] Whalley W.R., Clark L.J., Gowing D.J.G., Cope R.E., 
Lodge R.J. and Leeds-Harrison P.B. (2006). Does soil 
strength play a role in wheat yield losses caused by soil 
drying? Plant and Soil 280, 279-290. 
[34] Chan, K.Y., Van Zwieten L., Meszaros I., Downie A. and 
Joseph, S. (2007). Agronomic values of green waste 
biochar as a soil amendment. Australian Journal of Soil 
Research 45, 629-634. 
[35] Steiner C., de Arruda M.R., Teixeira W.G. and Zech W. 
(2008). Soil respiration curves as soil fertility indicators in 
perennial central Amazonian plantations treated with 
charcoal, and mineral or organic fertilisers. Tropical 
Science DOI:10.1002/ts.216. 
[36] Rondon M.A., Lehmann J., Ramirez J. and Hurtado M. 
(2007). Biological nitrogen fixation by common beans 
(Phaseolus vulgaris L) increases with bio-char additions. 
Biology and Fertility of Soils 43, 699-708. 
[37] Van Zweiten L., Singh B. Joseph S., Kimber S., Cowie A. 
and Chan K. Y. (2009). Biochar and emissions of non-CO2 
greenhouse gases from soil. In: Biochar for Environmental 
Management, Science and Technology (eds Lehmann, J. 
and Joseph, S.). Earthscan, pp 227-249. 
[38] Matsubara Y.-I., Hasegawa N. and Fukui H. (2002). 
Incidence of Fusarium root rot in asparagus seedlings 
infected with arbuscular mycorrhizal fungus as affected by 
several soil amendments. Journal of the Japanese Society 
of Horticultural Science 71, 371-374. 
[39] Ishii T. and Kadoya K. (1994). Effects of charcoal as a soil 
conditioner on citrus growth and vesicular-arbuscular 
mycorrhizal development. Journal of Japanese Society of 
Horticultural Science 63, 529-535. 
[40] Garcia-Montiel D.C., Neill C., Melillo J., Thomas S., 
Stuedler P.A. and Cerri C.C. (2000). Soil phosphorus 
transformations following forest clearing for pasture in the 
Brazilian Amazon. Soil Science Society of America 
Journal 64, 1792-1804. 
[41] Blackwell P., Riethmuller G. and Collins M. (2009). 
Biochar application for soil. Chapter 12. In: Biochar for 
Environmental Management Science and Technology. 
(eds Lehmann J. and Joseph S.) Earthscan, London. 
[42] Lehmann J. and Rondon M. (2005). Biochar soil 
management on highly-weathered soils in the humid 
tropics. In Biological Approaches to Sustainable Soil 
Systems (ed. N. Uphoff). Boca Rata, CRC Press. 
[43] Jay C.N., Fitzgerald J.D., Hipps N.A. and Atkinson C.J. 
(2015). Why short-term biochar application has no yield 
beneﬁts: evidence from three ﬁeld-grown crops. Soil Use 
and Management, 31, 241–250. 
[44] Bates B.C., Kundzewicz Z.W., Wu, S. and Palutikof J.P. 
Eds., (2008). Climate Change and Water. Technical Paper 
of the Intergovernmental Panel on Climate Change, IPCC 
Secretariat, Geneva, 210 pp. 
[45] Glaser B., Guggenberger G., Zech W. (2004). Identifying 
the Pre-Columbian Anthropogenic input on present soil 
properties of Amazonian Dark Earths (Terra Preta). In: 
Glaser B, Woods WI, Verlag S,  Heidelberg  B, editors. 
Amazonian Dark Earths: Explorations in Space and Time. 
Berlin: Springer. 
[46] McKeya S., Rostain S., Iriartec J., Glaser B., Birk J.J., 
Irene Holste I., (2010). Pre-Columbian agricultural 
landscapes, ecosystem engineers, and self-organized 
patchiness in Amazonia. Proceeding of the National 
Academy of Science 107, 7823–7828. 
[47] Laird D.A. (2008). The charcoal vision: A win-win-win 
scenario for simultaneously producing bioenergy, 
permanently sequestering carbon, while improving soil 
and water quality. Agronomy Journal 100, 178-181. 
[48] Jeffery S., Verheijen F.G.A., van der Velde M., Bastos 
A.C. (2011). A quantitative review of the effects of biochar 
application to soils on crop productivity using meta-
analysis. Agriculture, Ecosystems and Environment 144, 
175–187. 
[49] Dıaz-Teran J., Nevskaia D.M., Lopez-Peinado A.J., Jerez 
A. (2001). Porosity and adsorption properties of an 
activated charcoal Colloids and Surfaces.  
 Physicochemical and Engineering Aspects 187–188, 167–
175. 
[50] Keech O., Carcaillet C., Nilsson M-C. (2005). Adsorption 
of allelopathic compounds by wood-derived charcoal: the 
role of wood porosity. Plant and Soil, 272:291–300. 
[51] Pignatello J.J., Kwon S. and Lu Y. (2006), Effect of natural 
organic substances on the surface and adsorptive 
properties of environmental black carbon (Char): 
attenuation of surface activity by humic and fulvic acids. 
Environmental and Science Technology 40, 7757-7763.  
[52] Song W. and Guo M. (2012). Quality variations of poultry 
litter biochar generated at different pyrolysis temperatures. 
Journal of Analytical and Applied Pyrolysis 94, 138–145. 
[53] Tyron E.H. (1948). Effects of charcoal on certain physical, 
chemical and biological properties of forest soils. 
Ecological Monographs 18, 82-115. 
[54] Graber E.R., Harel Y.M., Kolton M., Cytryn E., Silber A., 
David D.R., Tsechansky L., Borenshtein M., Elad Y. 
(2010). Biochar impact on development and productivity 
of pepper and tomato grown in fertigated soilless media. 
Plant Soil 337, 481–496. 
[55] Uzoma K.C., Inoue M., Andry H., Fujimaki H., Zahoor A. 
and Nishihara E. (2011). Effect of cow manure biochar on 
maize productivity under sandy soil condition. Soil Use 
and Management 27, 205–212. 
[56] Novak J.M., Busscher W.J. Laird D.L., Ahmedna M., 
Watts D.W. Niandou M.A.S (2009). Impact of biochar 
amendments on fertility of a southeastern coastal plain 
soil. Soil Science 174, 105-112. 
[57] Abel S., Peters A., Trinks S., Schonsky H., Facklam M., 
Wessolek G. (2013). Impact of biochar and hydrochar 
addition on water retention and water repellency of sandy 
soil. Geoderma 202–203, 183–191. 
8 | P a g e  
 
[58] Mulcahy D.N., Mulcahy D.L., Dietz D. (2013). Biochar 
soil amendment increases tomato seedling resistance to 
drought in sandy soils. Journal of Arid Environments 88, 
222-225. 
[59] Baronti S., Vaccari F.P., Miglietta F., Calzolari C., Lugato 
E., Orlandini S., et al. (2014). Impact of biochar 
application on plant water relations in Vitis vinifera (L.). 
European Journal of Agronomy 53, 38–44. 
[60] Shinogi Y. and Kanri Y. (2003). Pyrolysis of plant, animal 
and human waste: physical and chemical characterization 
of the pyrolytic products. Bioresource Technology 90, 
241–247. 
[61] Nguyen B.T. and Lehmann J. (2009). Black carbon 
decomposition under varying water regimes. Organic 
Geochemistry 40, 846-853. 
[62] Mullen C.A., Boateng A.A., Goldberg N.M., Lima I.M., 
Laird D. and Hicks K.B. (2010). Bio-oil and bio-char 
production from corn cobs and stover by fast pyrolysis. 
Biomass and Bioenergy 34, 67-74. 
[63] Joseph S.D, Camps-Arbestain M., Lin Y., Munroe P., Chia 
C.H., Hook J., van Zwieten L., Kimber S.., Cowie A, 
Singh B.P., Lehmann J., Foidl N., Smernik R.J., Amonette 
J.E. (2010) An investigation into the reactions of biochar 
in soil. Australian Journal of Soil Research 48, 501–515. 
[64] Kinney T.J., Masiello C.A., Dugan B., Hockaday W.C., 
Dean M.R., Zygourakis K., Barnes R.T. (2012). 
Hydrologic properties of biochars produced at different 
temperatures. Biomass and Bioenergy 41, 34-43. 
[65] Novak J.M. and Watts D.W. (2013). Augmenting soil 
water storage using uncharred switchgrass and pyrolyzed 
biochars. Soil Use and Management 29, 98-104. 
[66] Covington W.W. and Sackett S.S. (1992). Soil mineral 
nitrogen changes following prescribed burning in 
ponderosa pine. Forest Ecology and Management 54, 175-
191. 
[67] Glaser B., Haumaier, L., Guggenberger G. and Zech W. 
(2001). The ‘Terra Preta’ phenomenon: a model for 
sustainable agriculture in the humid tropics. 
Naturwissenschaften 88, 37-41. 
[68] Steiner C. (2007). Soil charcoal amendments maintain soil 
fertility and establish a carbon sink – research and 
prospects. In: Soil Ecology and Research Developments 1-
6. (Ed. Liu T-X.) 
[69] DeLuca T.H., Drinkwater L.E., Wiefling B.A. and 
DeNicola D. (1996). Free-living nitrogen-fixing bacteria 
in temperate cropping systems: influence of nitrogen 
source. Biology and Fertility of Soils 23, 140-144. 
[70] Raison, R.J. (1979). Modification of the soil environment 
by vegetation fires, with particular reference to nitrogen 
transformations: a review. Plant and Soil 51, 73-108. 
[71] Rovira P., Duguy B. and Vallejo V.R. (2009). Black 
carbon in wildfire-affected shrubland Mediterranean soils. 
Journal of Plant Nutrition Soil Science 172, 43-52. 
[72] Ansley, R.J., Boutton, T.W. and Skjemstad, J.O. (2006). 
Soil organic carbon and black carbon storage and 
dynamics under different fire regimes and temperate 
mixed-grass savanna. Global Biogeochemical Cycles 20, 
GB3006. 
[73] DeLuca T.H., MacKenzie M.D., Gundale M.J. and 
Holben, W.E. (2006). Wildfire-produced charcoal directly 
influences nitrogen cycling in Ponderosa pine forests. Soil 
Science Society of America Journal 70, 448-453. 
[74] Yamato M., Okimori Y., Wibowo I.F., Anshori S. and 
Ogawa M. (2006). Effects of the application of charred 
bark in Acacia mangium on the yield of maize, cowpea, 
peanut and soil chemical properties in south Sumatra, 
Indonesia. Soil Science and Plant Nutrition 52, 489-495. 
[75] Allen, M.F. (2007). Mycorrhizal fungi: highways for water 
and nutrient movement in arid soils. Vadose Zone Journal 
6, 291-297. 
[76] Novak J.M., Lima I, Xing B. Gaskin J.W., Steiner C., Das 
K.C., et al. (2009). Characterization of designer biochar 
produced at different temperatures and their effects on a 
loamy sand. Annals of Environmental Science 3, 195-206. 
[77] Beesley L., Moreno-Jimenez E., Gomez-Eyles J.I., Harris 
E., Robinson B. and Sizmur T. (2011). A review of 
biochars’ potential role in the remediation, revegetation 
and restoration of contaminated soils. Environmental 
Pollution 159, 3269-3282. 
[78] Anawar H.M., Akter F., Solaiman Z.M. and Strezov V. 
(2015). Bochar: An emerging panacea for remediation of 
soil contaminants from mining, industry and sewage 
wastes. Pedosphere 25, 654-655. 
[79] Novak J.M., Ippolito J.A., Lentz R.D., Spokas K.A., 
Bolster, C.H. Sistani K., Trippe C.L. and Johnson M.G 
(2016). Soil health, crop productivity, microbial transport, 
and mine spoil response to biochars. Bioenergy Research. 
DOI 10.1007/s12155-016-9720-8. 
[80] Uchimiya M., Klasson K.T., Wartelle L.H. and Lima L.M. 
(2011). Influence of soil properties on heavy metal 
sequestration by biochar amendments: Copper sorption 
isotherms and the release of cations. Chemosphere 82, 
1431-1437. 
[81] Beesley L. and Marmiroli M. (2011). The immobilisation 
and retention of soluble arsenic, cadmium and zinc by 
biochar. Environmental Pollution 159, 474-480. 
[82] Hanauer T., Jung S., Felix-Henningsen P., Schnell S. and 
Steffens D. (2012). Suitability of inorganic and organic 
amendments for in situ immobilization of Cd, Cu, and Zn 
in a strongly contaminated Kastanozem of the Mashavera 
valley, SE Georgia. I. Effects of amendments on metal 
mobility and microbial activity in soil.  Journal of Plant 
Nutrition and Soil Science 175, 708-720. 
[83] Fellet G., Marchiol L., Delle Vedove G., Peressotti A. 
(2011). Application of biochar on mine tailings: Effects 
and perspectives for land reclamation. Chemosphere 83, 
1262-1267. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
